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ABSTRACT. FCP1 (TFlIF-associated CTD phosphatase) is the only known phosphatase specific for the
phosphorylated CTD of RNAP II. The phosphatase activity of FCP1 is strongly enhanced by the carboxyl-
terminal domain of RAP74 (cterRAP74, residues 4367), and this stimulatory effect of TFIIF can be
blocked by TFIIB. It has been shown that cterRAP74 and the core domain of hTFIIB (TFIIBc, residues
112—-316) directly interact with the carboxyl-terminal domain of hFCP1 (cterFCP, residues9819,

and these interactions may be responsible for the regulatory activities of TFIIF and TFIIB on FCP1. We
have determined the NMR solution structure of human cterRAP74, and we have used NMR methods to
map the cterFCP-binding sites for both cterRAP74 and human TFIIB. We show that cterFCP binds to a
groove of cterRAP74 betweenrhelices H2 and H3, without affecting the secondary structure of cterRAP74.
We also show that cterFCP binds to a groove of TFIIBc betwedelices D1 and EL1 in the first cyclin
repeat. We find that the cterFCP-binding site of TFIIBc is very similar to the binding site for the HSV
transcriptional activator protein VP16 on the first cyclin repeat of TFIIBc. The cterFCP-binding sites of
both RAP74 and TFIIBc form shallow grooves on the protein surface, and they are both rich in hydrophobic
and positively charged amino acid residues. These results provide new information about the recognition
of acidic-rich activation domains involved in transcriptional regulation, and provide insights into how
TFIIF and TFIIB regulate the FCP1 phosphatase activity in vivo.

In human cells, most promoters of protein-coding genes containing RNAP Il and many, if not all, of the essential
transcribed by RNA polymerase Il (RNAP Il) contain the transcription factors needed for initiatios) (However, other
essential TATA box DNA sequence located approximately experiments have demonstrated that the general transcription
30 base pairs upstream of the transcription start site. Thefactors and RNAP Il can be assembled in vitro in an
assembly of RNAP Il and the general transcription factors extremely ordered fashion that is nucleated by binding of
(GTF) required for basal transcription onto the DNA the TATA-binding protein (TBP) subunit of TFIID to the
promoter are termed the transcription preinitiation complex TATA box (6).

(PIC) (for reviews, see refs and2). The human PIC is RNAP Il is a multisubunit enzyme complex, which
comprised of more than 30 proteins, including RNAP Il and  ¢onsists of two large subunits and numerous other smaller
general tran;crlptlon factors TFIID, TFIIB, TFHF, TF||E, subunits 1). RNAP 11 differs from RNAP | and RNAP I
TFIIH, and, in many cases, TFIIA3( 4). Previous experi- i that its largest subunit possesses a distinct repeating
ments have indicated that the PIC may form in vivo by heptapeptide unit with the Tyr-Ser-Pro-Thr-Ser-Pro-Ser
promoter binding of a preassembled holoenzyme complex consensus sequence that defines the carboxyl-terminal do-

. . _ main (CTD). This repeating heptapeptide unit varies in length
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plays a key role in the transition from the initiation phase to humans) directly interacts with the conserved carboxyl-
the elongation phase of transcription by virtue of its ability terminal domain of the large subunit of TFIIF (cterRAP74,
to phosphorylate the CTD of RNAP IL4—16). In addition residues 436517 in humans)Z4, 26). In addition, it has
to TFIIH, many kinases have been implicated in the also been shown that yeast cterFCP (residues-882)
phosphorylation of the CTDL@—18). This phosphorylation interacts with the first cyclin repeat (residues @40 in
of the CTD occurs primarily at serine 2 and serine 5 of the yeast) of the core domain of yeast TFIIB (TFIIB&Z. The
heptapeptide repeats, and this enables RNAP Il to progresshinding to FCP1 involves direct interactions with residues
from the initiation complex to a stable elongation complex in a homologous stretch of eight amino acids found in TFIIF
(19). The CTD remains extensively phosphorylated through- and TFIIB 32). In both TFIIF and TFIIB, these amino acid
out the elongation phase. For the same RNAP Il to be residues are part of arhelix, and point mutations of some
recycled back to the initiation complex, the CTD must be in of these amino acid residues significantly alter FCP1 function
the unphosphorylated form (RNAP 1lA); therefore, dephos- (32—34).
phorylation of the CTD by a phosphatase(s) is essential for |, this paper, we describe the NMR solution structure of
generation of a form of the RNAP Il that is capable of free human cterRAP74 and compare it with the crystal
reinitiating transcription Z0). structure of zinc-bound human cterRAPH4Y Then, we

A unique phosphatase specific for the phosphorylated CTD ge1H—15N HSQC experiments dfN-labeled cterRAP74,
of RNAP Il was originally purified from HeLa cell extracts  free and bound to the unlabeled human cterFCP, to map the
(21) and subsequently fro@accharomyces cersiae(22).  cterFCP-binding site on the solution structure of cterRAP74.
From experiments with the CTD phosphatase purified from |, aqddition, using a complex of3C- and 5N-labeled
HeLa cells, it was found that the evolutionarily conserved cterRAP74 bound to unlabeled cterFCP, we assign the
carboxyl-terminal domain of the large subunit of TFIIF packhone resonances of cterRAP74 in the complex with
(RAP74 in humans) strongly stimulates the CTD phosphatasecterFCP. From a chemical shift index (CSI) analysis of the
activity (23). Conversely, TFIIB was also shown to play a ¢, Cp, and C chemical shifts 85-37), we find that
critical role in regulating the CTD phosphatase activity the secondary structure of cterRAP74 in the complex is very
through its ability to block the stimulatory effect produced gjmilar to that of free cterRAP74. We also udd—15N
by RAP74 @3). Using a yeast two-hybrid screen to identify HsQc experiments ofN-labeled human TFIIBc (residues
proteins that bind to the conserved carboxyl-terminal domain 112_316), free and bound to the unlabeled human cterFCP,
of RAP74 (cterRAP74, residues 43617), partial CONAS 15 map the cterFCP-binding site on the solution structure of
encoding a human CTD phosphatase (hFCP1) were isolatedrp ¢ (33). We find that the cterFCP-binding site of TFIIBc
(24). Subsequent studies have identified the complete cDNA js yery similar to the binding site for the herpes simplex virus
of hFCP1 @5) and the complete cDNA of the homologous  (Hsv) transcriptional activator protein VP16 on the first

yeast FCP1 (yFCP1p4, 26). . . cyclin repeat of TFIIBc. Finally, we compare the cterFCP-
Three domains have been defined on the basis of thepinding sites of cterRAP74 and TFIIBc and find that they
sequence similarity between hFCP1 and yFCP4—6). both form shallow grooves on the protein surface, which are

The amino-terminal domain contains the catalytic portion created by similar secondary structures and display a
of the protein and was originally termed the FCP1 homology comparable distribution of hydrophobic and basic amino acid
domain. FCP1 is a member of a new class of small molecule ygsjgues. Our results provide new structural information about
phosphotransferases and phosphohydrolases that contain ge recognition of acid-rich activation domains involved in
conservedyyyDXDXT/Vy (y is hydrophobic residue)  transcriptional regulation, and provide insights into how

catalytic motif @5, 27—29). For previously characterized TEE and TFIIB regulate the activity of FCP1, the only
members of this family of phosphotransferases, the first ynown CTD phosphatase.

aspartic acid within the DXDXT/V motif is phosphorylated
in vivo, and this phosphorylated form of the enzyme may MATERIALS AND METHODS
be the main intermediate in the phosphoryl transfer reaction
(27). Mutations of the first aspartic acid within the DXDXT Protein Expression and Purification. (1) cterRAP e
motif abolish the catalytic activity for several members of cterFCP-binding domain of RAP74 (cterRAP74, amino acids
this family in vitro (27, 28), and yeast strains carrying these 436-517) was expressed from a GST-2T vector (Pharmacia)
mutations in yFCP1 are not viabl29d). The remaining two  as a GST fusion protein iBscherichia colhost strain BL21-
domains of FCP1 appear to be involved in the regulation of (DE3) (24). Uniform (>98%) N and>N/*3C labeling was
the catalytic domain. The central domain contains a BRCT carried out by growing the cells in a modified minimal
homology domain related to the breast cancer tumor sup-medium containing®NH,Cl and [*Cg]glucose as the sole
pressor protein BRCAL and found in many proteins involved nitrogen and carbon sources, respectively. The cells were
in DNA repair, recombination, and cell cycle contr80}. grown at 37°C, and protein expression was induced for 4 h
The carboxyl-terminal domain is highly acidic, and its with 0.5 mM isopropylb-thiogalactoside (IPTG). The cells
sequence resembles that of the acidic transactivation domain(~20 g) were harvested, suspended in binding buffer [25
present in many regulatory transcription facto?gl, (26). mM Tris buffer (pH 7.4) 1 M NaCl, 1 mM DTT, and 1
Recently, it has been shown that this domain can function mM EDTA], lysed by passage through a French press, and
as a transactivation domain in vitr®d1) or in vivo (J. centrifuged at 1050@Qp for 1 h. The supernatant was
Archambault and J. Greenblatt, unpublished data). incubated fo 2 h with 15 mL of glutathione Sepharose resin
Binding experiments using yeast and human protein (Pharmacia) at £C. Following incubation, the resin was
fragments have shown that the highly acidic carboxyl- washed with binding buffer followed by equilibration with
terminal domain of FCP1 (cterFCP, residues 8981 in phosphate-buffered saline (PBS) containing 1 mM DTT. The
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resin containing the bound fusion protein was then incubated NMR SpectroscoppNMR spectra were collected at 2T

overnight at room temperature with 100 units of thrombin
(Calbiochem) to cut the cterRAP74 from the GST. Following

using Varian Inova Unity 500, 600, and 800 MHz NMR
spectrometers equipped Wit z pulsed-field gradient unit

thrombin cleavage, the supernatant was dialyzed into bufferand triple-resonance probes. The backbone and aliphatic side

A [20 mM phosphate buffer (pH 6.5), 1 mM DTT, and 1

chain signals of cterRAP74H, 1N, and*3C) were assigned

mM EDTA] and then applied to an S-Sepharose Fast Flow using a combination of experiments, including two-dimen-

(Pharmacia) column (100 mL bed volume) equilibrated with
buffer A. The cterRAP74 was eluted from the column using
a gradient (from 0 to 100% over 700 mL) of buffer B (20
mM phosphate, 1 mM DTT, 1 mM EDTA, anl M NaCl).
The pooled fractions containing the purified cterRAP74 were
then dialyzed into buffer A and concentrated for NMR
analysis.

(2) cterFCP. The RAP74-binding domain of FCP (cter-
FCP, amino acids 87961) was expressed from a GST-
3X vector (Pharmacia) as a GST fusion proteinEncoli
host strain BL21(DE3)44). The cells were grown at 3TC,
and protein expression was induced fbh with 0.5 mM
isopropylp-thiogalactoside (IPTG). The cells-0 g) were

sional (2D)*H—!N HSQC @9), 2D H—13C CT-HSQC,
three-dimensional (30%¥N-edited TOCSY-HSQCA40), 3D
HNCACB (41-43), 3D (HB)CBCA(CO)NNH @2, 43), 3D
HNCO (44), 3D H(CCO)NNH-TOCSY, 3D C(CO)NNH-
TOSCY, and 4D HC(CO)NNH-TOCSY experiment$3(
45). The aromati¢H and*3C signals were assigned using a
combination of 2D*H—H NOESY, 2D DQF-COSY, and
3D BC-edited HMQC-NOESY experimentd). Distance
restraints were obtained from 2BH—'H NOESY (with
mixing times of 50 and 150 ms at 500 MHZ)7), 3D 5N-
edited NOESY-HSQC (with a mixing time of 150 ms at 600
MHz) (40), 3D 5N- and 3C-edited NOESY-HSQC (with
mixing times of 50 and 150 ms at 600 MHZ§), and 3D

harvested, resuspended in binding buffer, lysed by passagé*C-edited HMQC-NOESY (with a mixing time of 75 ms at

through a French press, and centrifuged at 1063601 h.
The supernatant was incubatedr » h with 15 mL of
glutathione-Sepharose resin (Pharmacia) 4G4 Following
incubation, the resin was washed with binding buffer
followed by equilibration with factor Xa cutting buffer [50
mM Tris (pH 8.0), 100 mM NacCl, and 1 mM Cagl The

800 MHz) experiments4@). Chemical shifts of all proton,
carbon, and nitrogen resonances were referenced externally
to that of DSS at 0 ppm4Q, 50). The NMR data were
processed with NMRPipe/NMRDraw1) and analyzed with
PIPP 62).

Structure CalculationThe NOE restraints were subdivided

resin containing the bound fusion protein was then incubatedinto four distance ranges: strong (£8.7 A), medium (1.8

overnight at room temperature with 100 units of factor Xa
(Calbiochem) to cut the cterFCP from the GST. Following

3.3 A), weak (1.8-5.0 A), and very weak (1:86.0 A) by
comparison with NOEs involving protons separated by

factor Xa cleavage, the supernatant was dialyzed into bufferknown distances within ther-helical elements (residues
A and then applied to a Q-Sepharose Fast Flow (Pharmaciay456—-465, 476-476, and 487500). An extra 0.2 A was

column (100 mL bed volume) equilibrated with buffer A.

added to the upper distance limit for NOE restraints in the

The cterFCP was eluted from the column using a gradient medium and strong distance ranges that involved NH protons,
(from 0 to 100% over 700 mL) of buffer B. The pooled while 0.5 A was added to the upper distance limit for

fractions containing the purified cterFCP were then dialyzed
into buffer A and concentrated for NMR analysis.

(3) TFIIBc. The core domain of human TFIIB (TFIIBc,
amino acids +3 and 112-316) was expressed from a pet3a
vector inE. colihost strain BL21(DE3) (the clone was kindly
provided by D. ReinbergBg). Uniform (>98%)*°N labeling
was carried out by growing the cells in a modified minimal
medium containing®NH,Cl as the sole nitrogen source. The

restraints involving methyl protons. A total of 959 NOE-
derived distance restraints were obtained for structure
calculation, including 586 short-range (361 intraresidue and
225 sequential), 189 medium-range, and 184 long-range
distance restraints. Residues 4361 at the amino terminus

of the cterRAP74 did not display any medium-range or long-
range NOEs, and these residues were therefore not included
in the structure calculation. Backbone dihedral angle re-

protein was expressed and purified using a published protocolstraints ¢ andy angles) were obtained from analysistef,,

(38). The purified protein was dialyzed into buffer A and
concentrated for NMR analysis.

Sample Preparation for NMR Spectroscofgne NMR
samples were as follows. (1) For studies of the free
cterRAP74, the sample consisted of 1 mM cterRAP74
(unlabeled?*N-labeled, and®N- and3C-labeled) in 20 mM
sodium phosphate (pH 6.5) and 1 mM EDTA (100%4CD
or a 90% HO/10% DO mixture). (2) For the cterRAP74

Hy, 18C,, ¥Cg, 13C', and N chemical shifts using the
program TALOS 53). The dihedral angle derived from
TALOS is expressed ag + error (ory + error), where the
value of the error used for structure calculations (from 15
to 40) is twice that obtained from the TALOS analysis. A
total of 104 TALOS-derived dihedral anglep (and v)
restraints were used for structure calculation.

Structures were calculated using the torsion angle molec-

cterFCP complex, the sample consisted of 1 mM cterRAP74 ular dynamics (TAD) protocol of CNS5¢) starting from

(**N-labeled and®N- and3C-labeled) and 1 mM unlabeled
cterFCP in 20 mM sodium phosphate (pH 6.5) and 1 mM
EDTA (90% H,0/10% D,O mixture). (3) For studies of the
free TFIIBc, the sample consisted of 0.75 nifi-labeled
TFIIBc in 20 mM sodium phosphate (pH 6.5), 5 mM DTT,
and 1 mM EDTA (90% HO/10% DO mixture). (4) For
the TFIIBc—cterFCP complex, the sample consisted of 0.75
mM *°N-labeled TFIIBc and 0.75 mM unlabeled cterFCP
in 20 mM sodium phosphate (pH 6.5), 5 mM DTT, and 1
mM EDTA (90% H0/10% DO mixture).

one extended structure with standard geometry. The protocol
employed the conformational database potential derived from
structure database5%, 56). From a total of 67 calculated
structures, 50 of them satisfied all the experimental con-
straints with no NOE violation greater than 0.2 A and no
TALOS-derived dihedral angles(andy) restraints greater
than 5. From this set of 50 structures, the 20 structures with
the lowest energy were selected for further analysis. In
addition to standard protein covalent geometry, the force field
included a van der Waals repulsive term, but neither
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Ficure 1: (A) Stereoview of the 20 lowest-energy NMR structures showing the backbone tracg, @hddC atoms) of residues 451517
of the human cterRAP74. (B) Superposition of the NMR structure (yellow) of the free cterRAP74 and the X-ray crystal structure (cyan) of
the zinc-bound cterRAP74 showing the backbone atoms (Na@d C). The superposition is for heavy atoms of residues—&ll7.

hydrogen bonding nor electrostatic terms were used at anyTable 1: Structural Statistics for 20 Structures
stage of the structure calculations. The quality of the (estraints used in the structure calculation

structures was analyzed using PROCHECK-NMR) (and no. of distance restraints
MOLMOL (58). All figures representing structures were intraresidue g 361
ted using MOLMOLS5E) and Molscript 69) itk et e ST e
genéra g p : interresidue medium-range & |i —j| <5) 189
long-range i —j| = 5) 184
RESULTS total 959
rms deviations from distance restraints (A) 0.0@38.0014
; ; no. of torsion angle restraintg @ndqy)® 104
Resonance Assignments and Solution Structure of the Free ms deviations from dinedral restraints (deg) 0.620.009

cterRAP74 All *H, *N, and**C backbone and side chain  j¢ometric statistics
resonances of cterRAP74 were assigned using a combination™ rms deviations from idealized geometry

of 2D, 3D, and four-dimensional (4D) NMR experiments as bonlds (é) ) 060?91007&&00682204

; ; a ; angles (deg . .
descrlbeq in detall in Materla_lls and Methc_st. A total of 959 impropers (deg) 0.0978 0.0017
NOE-derived distance restraints were assigned from+2b coordinate precision
IH NOESY @7), 3D *C-edited NOESY 46), 3D '°N-edited rms deviations from the minimized
NOESY (0), and 3D3C- and!5N-edited NOESY spectra average structufeA)

. . ackbone atoms 0.58 0.08

(48). These restraints were supplemented with 104 TALOS- all heavy atoms 1.16 0.10
derived backbone dihedral anglg éndv) restraints based Ramachandran analy8is
on the analysis of théH,, Hy, 3C,, 3Cs, 3C', and N mdczjs_:,favcilred”regiog (%) o ?iﬁz%l
chemical shifts§3). The three-dimensional structures of the gen;'r%';aslg A lowed rreegi'grr: ((0/(‘)’)) b1l
cterRAP74 were calculated using the torsion angle molecular  disallowed regions (%) 0

dynamic_s protocol of CNSS@) starting ]_(rom an extended aNone of these structures exhibited distance violations @2 A
polypeptide structure of cterRAP74 residues4517. Due or dihedral angles of5°. " Backbone dihedral angle restraints were

to the absence of medium-range and long-range NOEs forgenerated with TALOSH3) based on analysis 8Hg, *Hy, 3Cq, 13C;,
amino acids 4364501 these amino-terminal residues of the 13C, and®N chemical shifts¢ The coordinate precision is defined as

cterRAP74 were not included in the structure calculation. average atomic rms deviations between the 20 structures and the
" minimized average structure. The reported values are for residues 456

From the 67 calculated structures, a total of 50 were acceptetﬁm and 486516 for the cterRAP74 PROCHECK-NMR B7) was
because they have no distance restraint violation greater tharsed to assess the quality of the structures.

0.2 A and no dihedral angle restrairs é&nd 1) violation
greater than 5 From these accepted structures, the_ 20 with 487-514), the root-mean-square deviation (rmsd) from the
the lowest energy were selected for further analysis (Table minimized average structure for the ensemble of 20 structures
1). From these 20 structures, an average structure wass .53+ 0.08 A for the backbone atoms and 1:46.10 A
calculated and then minimized against the experimental for al| heavy atoms. On the basis of the Ramachandran plot
restraints. analysis in PROCHECK-NMR, 91.8% ¢f andy dihedral

A backbone superposition of these 20 structures (Figure angles lie within the most favored region of the plot, while
1A) indicates that the structure of the cterRAP74 is precisely 7.6% lie in the additional allowed region. In this NMR
defined by the NMR data, except for one disordered loop structure, the cterRAP74 folds into threehelices and one
(residues 47%486), which is devoid of medium- or long-  antiparallel3-sheet, with arwao33 fold. The a-helices are
range NOEs and flexible on the basis 6N—H hetero- from residue 456 to 465 (H1), from residue 470 to 476 (H2),
nuclear NOE data (Supporting Information). For the well- and from residue 487 to 500 (H3). There is a four-residue
defined regions of the cterRAP74 (residues 4886 and loop (L1) between H1 and H2 and a 10-residue loop (L2)
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between H2 and H3. Thé-sheet is located at the carboxyl
terminus of the domain, and is formed by residues-503
507 for the first strand (S1) and residues 5814 (S2) for
the second strand. Thehelices and the antiparallgtsheet
interact via the packing of the second strand of ghgheet
against loop L1 between helices H1 and H2. More precisely,
residues F513 and L515 from the second strand gfthleeet
pack against hydrophobic residues of the thueeelices to
form a hydrophobic core, which may be responsible for the
stability of this domain in solution.

Comparison of the Solution Structure of the Free cter-
RAP74 with the X-ray Structure of the Zinc-Bound cter-
RAP74.A crystal structure of the zinc-bound cterRAP74
domain (residues 451517) refined at 1.02 A resolution has
been reported recently34). A backbone superposition
between this structure and the minimized average NMR
structure shows that the overall fold of the zinc-bound
cterRAP74 in the crystal is very similar to that of the free
cterRAP74 in solution (Figure 1B). An rmsd of 0.82 A was
calculated for the backbone atoms (Ny,@nd C for residues
456-476 and 487514) of these two structures. There is

Nguyen et al.
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Ficure 2: Overlay of the 2D'H—1N HSQC spectra of the free
15N-labeled human cterRAP74 (black) and tH¥#l-labeled cter-

RAP74-unlabeled cterFCP complex (red).

To identify the binding site of the cterFCP on the cterRAP74,

only a subtle difference between these two structures, whicha RAP74-FCP complex was formed using the unlabeled

is that residues 479482 of L2 form a short-helix in the

cterFCP and thé&N-labeled cterRAP74. The overlay of the

crystal structure, while these residues are disordered in the'H—'°N HSQC spectra of the fre€N-labeled cterRAP74

NMR solution structure. Formation of a stable short helix
in solution would give rise to characteristic backbone
chemical shifts and NOEs (+Hni+1 and Hi—Hgits), and

(black) and of thé5N-labeled cterRAP74unlabeled cterFCP
complex (red) is illustrated in Figure 2. Interestingly, several
correlations display large changes'id and >N chemical

these are not observed in the NMR spectra of the cterRAP74.shifts between these two HSQC spectra. These dramatic

In addition, ™>N—H heteronuclear NOE data indicate that
this region is flexible in the NMR structure (Supporting
Information).

To test if zinc is responsible for the difference in the two
structures, we have obtainedtd—N HSQC spectrum of
the cterRAP74 in the presence of 2.5 mM ZyGind this

differences in chemical shifts for several signals made it
impossible to completely assign all signals in the HSQC
spectrum of the cterRAP74terFCP complex by compari-
son with the signals in the HSQC spectrum of the free
cterRAP74. To achieve backbone assignment of cterRAP74
in the complex, triple-resonance experiments [3D HNCO,

spectrum is essentially identical to that of the free cterRAP74 3D HNCACB, and 3D (HB)CBCA(CO)NNH] were carried

(B. D. Nguyen, J. G. Omichinski, and P. Legault, unpub-
lished data). Thus, it appears that this shetielix is either
not present or unstable under our NMR conditions both in

out with a complex consisting of th€C- and'°N-labeled
cterRAP74 and the unlabeled cterFCP. A chemical shift
index (CSI) analysis of i C., Cs, and C was performed

the absence and in the presence of zinc. In the crystalto compare the secondary structure of the free and complexed
structure, the zinc is coordinated using three surface residuesterRAP74 (data not shown). Interestingly, this CSl analysis

(E503, H512, and E517) located in two different protomers;
thus, it was not surprising that zinc does not bind to the free
cterRAP74 monomer in solution. However, the authors
proposed a mechanism in which one molecule of the

revealed that the secondary structure of the cterRAP74 in
complex with cterFCP is virtually identical to that of the
free protein (data not shown3%—37). Given this similarity

in secondary structure, it is likely that the overall three-

cterRAP74 could bind zinc, and suggested that zinc binding dimensional fold of the cterRAP74 remains essentially

might be physiologically important to RAP74 functioddj.
Interestingly, preliminary in vitro binding and NMR titration
experiments indicate that zinc can inhibit cterFCP binding
to the cterRAP74 (B. D. Nguyen, J. G. Omichinski, and P.
Legault, unpublished data). This inhibition of a FCP1
RAP74 complex by zinc may be the result of zinc binding

unchanged following binding to the cterFCP. Furthermore,
the majority of the amide signals in the HSQC spectra display
similar *H and**N chemical shifts for the free and cterFCP-

bound form of the cterRAP74 (see Figure 3 and the
Discussion), providing additional evidence that the overall
three-dimensional structure is not grossly altered by binding

to the cterFCP since our preliminary NMR data suggest that of the cterFCP.

zinc does not bind to the cterRAP74. We are currently
carrying out additional experiments to determine the mo-
lecular basis of the zinc inhibition.

Mapping the Binding Site of the cterFCP on the Solution
Structure of the cterRAP7Z.0 map the binding site for the
cterFCP on the solution structure of the cterRAP74, we

Resonance Assignments and Secondary Structure of acomputed the differences i, 13C', and*>N chemical shifts

cterRAP74-cterFCP ComplexIt has been shown using
yeast two-hybrid and in vitro binding studies that the
cterRAP74 specifically interacts with the acidic carboxyl-
terminal domain of FCP (cterFCP, residues 8861). This

direct interaction between RAP74 and FCP may be respon-

sible for the RAP74 stimulation of FCP phosphatase activity.

of the cterRAP74 between the free state and in complex with
the cterFCP. This analysis reveals that 24 of 82 amino acid
residues of the cterRAP74 displayed significant chafdes

> 0.2; A0 = [(0.17ANy)? + (0.3AC")? + (AHN)FY3 upon
formation of the complex (Figure 36(). These residues
correspond to positions 454, 47@72, 474-482, 485, 486,
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' R499

1.0+

0.8

Ficure 5: Ribbon diagram of the cterFCP-binding domain of the
NMR structure of the cterRAP74. The H2 helix, the H3 helix, and
the connecting loop between the H2 and H3 helices are shown in
FiGURE 3: Histogram displaying the differences in chemical shifts yellow. The side chains of hydrophobic (A) and basic (B) amino
between the cterRAP74 and the cterRAP74 in complex with the acids within the binding site are displayed in red.

cterFCP. The differences were calculated according to the formula

A6 = [(0.17AN)? + (0.3AC')? + (AHN)Y2 (60). Mapping the Binding Site of the cterFCP on the Solution
- Structure of TFIIBc.In previous studies, it has been
NG S1 demonstrated that the cterFCP also interacts with the first
[\E‘NC cyclin repeat of TFIIB. TFIIB has been shown to play a role
fis | in regulating the CTD phosphatase activity through its ability

to block the stimulatory effect produced by the large subunit
of TFIIF. We have prepared®&N-labeled sample of a human
H3 TFIIB fragment that includes both cyclin repeats (TFIIBc,
residues 102316). The solution structure of this identical
fragment of TFIIB has been previously determined by NMR
spectroscopy 33, 61). To identify the binding site of the
cterFCP on TFIIBc, we have record#d—'>N HSQC spectra
YANY of free and cterFCP-boun®¥N-labeled TFIIBc. ThetH—
FiGURE4: Signals which show a significant chemical shift change N HSQC spectrum of fre&N-labeled TFIIBc is virtually
{A6 > 0.2; AS = [(0.17ANy)? + (0.39AC")2 + (AHN)YYZ (60) identical to what has been previously reported (data not
upon formation of the cterRAP74terFCP complex mapped onto shown) @3, 61). In the!H—15N HSQC spectrum of cterFCP-
;Tgn!\fli?aﬁtlsirgﬁitfltjéz cs’ifgtr?;scﬁgRiﬁ‘gizgt%ei'Lo‘;‘gd The locations of - nq15N-Jabeled TFIIBc, most of the amide signals have
' the same'H and >N chemical shifts as observed in the

491-496, 498, and 512 of the cterRAP74. When mapped spectrum of free TFIIBc. This provides evidence that binding
onto the,NMF\,’ solution structure of the cterRAP74. the ©f the cterFCP has not significantly altered the overall fold

residues displaying significant chemical shift changes are ©f TFIIBC. Since complete NMR chemical shift assignments
predominantly located im-helices H2 and H3 and in the  ©Of free TFIIBc were available from the previous NMR studies
adjoining loop (L2), where these structural elements form a (61), we were able to quickly identify amino acid residues
shallow groove on the surface of the cterRAP74 (Figure 4) Of TFIIBc that are likely to form the binding site of cterFCP.
(34). This shallow groove between H2 and H3 and adjoining From all the amide signals observed in fie-**N HSQC
loop L2 are identified here as the cterFCP-binding site of SPectrum of free®N-labeled TFIIBc, there are 42 amide
RAP74 on the basis of our NMR data. This FCP-binding Signals for which we detect a significant chemical shift
site consists of several hydrophobic and basic amino acidschange A(*H) = 0.03 ppm and/oA(**N) = 0.3 ppm] and/
(Figure 5) 84). The hydrophobic amino acids are from both Or line broadening upon formation of the TFlIBcterFCP

the H2 and H3o-helices, and they include L473, L474, complex. These residue changes were mapped onto the NMR
V490, L493, and L497 (Figure 5A). The basic amino acids structure of TFIIBc and are located predominantly around
appear throughout the groove, and they originate from H2 helix D1 (residues 177182) and helix E1 (residues 188
(K471 and K475), H3 (K498 and R499), and loop L2 200) of the first cyclin repeat, where these structural elements
between H2 and H3 (K480 and K481) (Figure 5B). We have form a shallow groove on the surface of TFIIBc (Figure 6A).
previously shown the importance of two basic amino acids This groove in the first cyclin repeat of TFIIB is identified
in H2 (K471 and K475) for binding to the cterFCP by here as the cterFCP-binding site of TFIIBc. These NMR
mutagenesis studies in yea3®). In addition, a binding site  results are consistent with in vitro binding experiments that
in the hydrophobic groove between H2 and H3 had also beenindicated that the first cyclin repeat of yeast TFIIB is
previously postulated by mapping these mutational d2p (  necessary and sufficient for binding to the yeast cterF2p (

on the crystal structure of the zinc-bound cterRAP34) ( As was seen for the cterFCP-binding site of RAP74, the
However, it is clear that residues in L2 of the cterRAP74 cterFCP-binding site of TFIIBc consists of several hydro-
also play a crucial role in cterFCP binding in addition to the phobic and several basic amino acids (Figure 7). The
groove between H2 and H3. hydrophobic amino acids are fromhelices D1 and E1, and
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FIGURE 6: Signals which show a significant chemical shift change FIGURE 8: Ribbon diagram of two backbone superpositions of the
[ACH) = 0.03 ppm and/orA(*N) = 0.3 ppm] and/or line cterFCP-binding domains of the cterRAP74 (yellow) and TFIIBc

broadening upon formation of (A) the TFIIBcterFCP complex  (green) (see the text for details).
and (B) the TFIlIBe-VP16 activation domain complex mapped onto
the NMR structure (green) of TFIIBG3B, 61). The locations of  and that this binding involves a homologous stretch of eight
shifted or broadened signals are indicated in red. amino acids found in the cterRAP74 (residues 4685,

A B helix H2) and in the first cyclin repeat of TFIIBc (residues

186-193, helix E1) 82). The NMR studies presented here

support these in vitro binding results, and they help us to
more thoroughly map the cterFCP-binding site of both
RAP74 and hTFIIB. In both RAP74 and TFIIB, the cterFCP-
binding site consists of twa-helices and a connecting loop
(Figures 4 and 6), which form a shallow groove that contains
several hydrophobic and several basic amino acids (Figures
5 and 7). The binding groove in RAP74 is betweehelices
H2 and H3, while the binding groove in TFIIB is between
o-helices D1 and E1. The homologous stretch of eight amino
acids identified from the in vitro binding experiments is
K200 located in helix H2 in RAP74 and in helix E1 in TFIIB. To
FiGURE 7: Ribbon diagram of the cterFCP-binding domain of the Compare these two cterFCP-binding sites, the FCP-binding
NMR structure of TFIIBc 83). The D1 and E1 helices and the site of cterRAP74 was superimposed onto the FCP-binding
connecting loop between the D1 and E1 helices are shown in greensite of TFIIBc. Two backbone superpositions were performed
The side chains of hydrophobic (A) and basic (B) amino acids y, fing an optimal alignment of these two cterFCP-binding
within the binding site are displayed in red. sites (Figure 8). In the first superposition (Figure 8A),

they include F177, 1180, C181, 1191, and F195 (Figure 7A). backbone residues of helices H2 (residues-4416) and
The basic amino acids appear throughout the groove, andH3 (residues 495500) of cterRAP74 were superimposed
they also originate from-helices D1 (K178) and E1 (K188, onto backbone residues of helices E1 (residues-188)
K189, R193, K196, and K200) (Figure 7B). Again, we have and D1 (residues 177182) of TFIIBc, respectively, and an
previously shown the importance of two basic amino acids 'msd of 2.8 A was obtained for these atoms. In this

in helix E1 (K189 and R193) in binding to the cterFCP in superposition, the homologous stretches of amino acids found
mutagenesis studies in yeasg). in helix H2 of the cterRAP74 (T470, K471, D472, L473,

In a previous study, the interactions of TFIIBc with the L474, K475, and F476) and helix E1 of human TFIIBc
amino-terminal zinc ribbon of TFIIB and the activation (K188, K189, E190, 1191, G192, R193, and C194) are
domain of the herpes simplex virus protein VP16 have been aligned residue by residue in three dimensions according to
mapped. This study used the same TFIIBc protein that wastheir sequence alignmer@?). This superposition places the
used in our study and NMR methods similar to those connecting loops between the two helices at opposite ends
described here (Figure 6B91). To identify residues forming ~ of the grooves. In the second superposition (Figure 8B),
the cterFCP-binding site of TFIIBc, we applied the same backbone residues of helices H2 (residues4416) and
criteria of chemical shift changes and line broadening that H3 (residues 486498) of the cterRAP74 were superimposed
had been previously used to identify residues forming the onto helices D1 (residues 17@82) and E1 (residues 188
amino-terminal TFIIB-binding site and the VP16-binding site  200) of TFIIBc, respectively, and an rmsd of 2.4 A was
of TFIIBc (61). Interestingly, we find a remarkable similarity — obtained for these atoms. In this superposition, the two longer
in the residues of the first cyclin repeat of TFIIBc that display helices (H3 and E1) are aligned, the two shorter helices are
chemical shift changes following addition of the cterFCP, aligned (H2 and D1), and the connecting loops between the
the amino-terminal zinc ribbon of TFIIB and the activation two helices are found at the same end of the grooves.
domain of VP16 (Figure 6B)&Q). However, in this superposition, the homologous stretches of

Comparison of cterFCP-Binding Sites for RAP74 and eight amino acids for the cterRAP74 and TFIIBc are found
TFIIBc. From in vitro binding experiments, it has been shown on opposite faces of the grooves. Interestingly, it is clear
that the cterFCP directly interacts with RAP74 and TFIIB, that the secondary structure elements are better aligned in

1191 1180
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the second superposition, although their homologous stretchesnonium group of K481 and the backbone carbonyl oxygen

of residues do not overlap in three dimensions. of G448 on the same protomer. This later interaction involves
a residue (G448) that is not present in the wild-type RAP74
DISCUSSION sequence. Four amino acids (G445, P446, L447, and G448)

i originate form the pGEX vector used for protein expression
The phosphorylation state of the CTD of RNAP Il plays i, the crystallography study, and the corresponding residues

a crucial role in regulating transcriptional elongation. Fol- , o,y NMR study are wild-type residues (T445, T446, P447,
lowing the cloning of the CTD-specific phosphatase FCP, o4 N448). It is therefore not entirely clear if the short

in vitro binding studies have demonstrated that FCP directly o-helix is caused by zinc binding, crystal packing, non-native
interacts with distinct domains within the general transcrip- 5 mino acid residues in the protein, or a combination of the
tion factors TFIIF and TFIIB. Specifically, it was shownthat  51,4ve. However. it appears that tbimelix is unique to the
residues 436517 of RAP74 (cterRAP74) are sufficient and crystal structure.

necessary for interaction with residues 8851 of human Following the completion of the cterRAP74 structure,
FCP (cterFCP)Z4, 26). In addition, it has been shown that  \ R studies were conducted with a cterRAP®terECP
the first cyclin repeat of TFIIB interacts with two regions of complex to determine the cterFCP-binding site on the
yeast FCP, and one of these two regions corresponds 10 theterrAp74. On the basis of changes in chemical shift
human cterFCP3Q). With this paper, we start to structurally  jp<orved between tHei—15N HSQC NMR spectra of the

charac;er_ize the interaction of FCP with these two general .ta\RAP74 and the cterRAPZ4terECP complex (Figures
transcription factors. 2 and 3), we concluded that the FCP-binding site is located
In the initial phase of the project, we determined the in the shallow groove formed betweerhelices H2 and H3
solution structure of the cterRAP74 in the free state using in the cterRAP74 (Figure 4). Interestingly, the cterFCP-
homonuclear and heteronuclear NMR spectroscopy (Figurepinding site of the cterRAP74 contains a rather large number
1A). The solution structure of the free cterRAP74 is very of hydrophobic and basic amino acids (Figure 5). The
similar to the X-ray crystal structure of a zinc-bound hydrophobic amino acids are L473 and L474oehelix H2
cterRAP74 fragment34), and a backbone (N, £and C) and V490, L493, and L497 af-helix H3 (Figure 5A). The
superposition of the two structures yielded an atomic rmsd pasic amino acids in the cterFCP-binding site originate from
of 0.8 A (Figure 1B). In the X-ray studies with the zinc- H2 (K471 and K475), H3 (K498 and R499), and loop L2
bound cterRAP74, the overall fold of the cterRAP74 was petween H2 and H3 (K480 and K481) of the cterRAP74
found to be very similar to those of several eukaryotic (Figure 5B). Given the large number of acidic and hydro-
winged-helix domains except for the presence of a short four- phobic residues in the cterFCP, the presence of a large
residuen-helix found within the loop region (L2) connecting  number of basic and hydrophobic amino acids in the
a-helices H2 and H334). There is no evidence for this short  cterFCP-binding site of the cterRAP74 is not surprising. In
a-helix in the NMR structure of the free cterRAP74, and fact, this binding site had also been previously postulated
from our analysis of chemical shifts and NOE data of free on the basis of mutational data2) mapped on the crystal
cterRAP74. It is possible that formation of this sharhelix structure of the zinc-bound cterRAP734). The precise
in the crystal structure results from zinc binding. Initially, interactions of the cterRAP74 with the cterFCP most likely
this would appear rather unlikely since the zinc binding in involve important ionic and hydrophobic interactions.
the crystal structure bridges two adjacent molecules and To identify the cterFCP-binding site of TFIIBc, NMR
involves amino acids remote from the sharhelix. To test studies were conducted with a TFIIBcterFCP Comp|ex_
the role of zinc binding, we compared thd—""N HSQC  On the basis of changes in chemical shift observed between
spectrum of the free cterRAP74 with that of the cterRAP74 thelH—15N HSQC NMR spectra of the free TFIIBc and the
in the presence of 2.5 mM ZnglIf formation of the small TFIIBc—cterFCP complex, we concluded that the FCP-
a-helix in L2 were zinc-dependent or if zinc bound specif- pinding site is located in the shallow groove formed between
ically to the cterRAP74, we would observe chemical shift o-helices D1 and E1 of TFIIBc (Figure 6A). Consistent with
differences for at least a small number of signals betweenthe in vitro binding data, we were not able to observe any
these two HSQC spectra. However, these two spectra aresignificant chemical shift changes in amino acids located in
essentially identical (B. D. Nguyen, J. G. Omichinski, and the second cyclin repeat in the TFlIBcterFCP complex
P. Legault, unpublished data), which indicates that, under (32). Interestingly, the carboxyl-terminal activation domain
these conditions, zinc does not induce a stable structuralpf the herpes simplex virus VP16 and the amino-terminal
change in the cterRAP74. Interestingly, preliminary in vitro - zinc ribbon of TFIIB also bind to the same regiodil) of
binding and NMR studies indicate that zinc ions can actually the first cyclin repeat of TFIIB (Figure 6). Like the cterFCP,
inhibit binding of the cterFCP to the cterRAP74 (B. D. the activation domain of VP16 (residues 44@0) also
Nguyen, J. G. Omichinski, and P. Legault, unpublished data). contains a large number of acidic and hydrophobic residues
Determination of the exact physiological importance of this that are important for binding to several general transcription
observation will require further testing. factors 62). Thus, the binding of the VP16 activation domain
An alternative explanation for the formation of the short and the cterFCP to the first cyclin repeat of TFIIB appears
o-helix (residues 479482) is crystal packing. Close ex- to be highly analogous.
amination of the crystal structure reveals two hydrogen bonds To compare the cterFCP-binding sites of the cterRAP74
that likely stabilize this shorti-helix. One hydrogen bond and TFIIBc, we superimposed their backbones in two
is between the guanidinium group of R499 on one protomer different orientations (Figure 8). In the first superposition
and the backbone carbonyl oxygen of T482 on a second(Figure 8A), the H2 and H3 helices of the cterRAP74 were
protomer. The second hydrogen bond is between the am-superimposed onto the E1 and D1 helices of TFIIBc,



1468 Biochemistry, Vol. 42, No. 6, 2003 Nguyen et al.

respectively. Although the homologous stretch of eight amino Garrett for supplying NMR data processing and analysis
acids (helix H2 of the cterRAP74 and helix E1 of TFIIBc) programs, Dr. Stephan Grzesiek for help in some of the
are perfectly aligned, the helices and connecting loops arepreliminary experiments, and Dr. Lewis Kay and Dr. Wing-

not. A superior alignment of the secondary structure elementsYiu Choy for supplying NMR pulse sequences and a
is achieved in the second superposition (Figure 8B), where modified version of CNS.

backbone residues of helices H2 and H3 of the cterRAP74
were superimposed with helices D1 and E1 of TFIIBc, SUPPORTING INFORMATION AVAILABLE

respectively. However, in this second superposition, the 1s\_14 heteronuclear NOE dat&7) recorded on théN-
homologous stretches of eight amino acids are found on|zpeled cterRAP74 at pH 6.5 and 2T. This material is

opposite faces of the shallow groove. On the basis of rmsd 4y ajlaple free of charge via the Internet at http://pubs.acs.org.
values and a superior secondary structural alignment, it
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